The initial presentation of symptoms and clinical manifestations of viral central nervous system (CNS) infectious diseases often makes a specific diagnosis difficult and uncertain. For example, the clinical features of CNS disease due to nonpolio enteroviruses (EV) can overlap those caused by herpes simplex virus (HSV), which sometimes occur in young infants and adults in the absence of cutaneous lesions (4, 12, 39) . The etiological agent and type of infection can determine potential prognoses as well as optimal treatment modality for the patient. Enterovirus infections often do not require antiviral intervention, but at least two new antivirals are undergoing trials, the more prominent of which is pleconaril (16, 22) . Also, if a mean time of 24 h to diagnosis was assumed, 1.2 to 2.8 days of hospitalization per patient could be saved over current averages (1, 13, 18, 26) . Mortality from HSV, however, before the use of acyclovir was 60 to 70% and has been reported to drop to 19 to 38% with therapy (27, 38) . Early diagnosis and treatment of viral CNS infections, therefore, will decrease morbidity and mortality rates.
Unfortunately, laboratory tests commonly used for the diagnosis of CNS infectious diseases have the disadvantage of either being nonsensitive and nonspecific or giving results difficult to distinguish from the norm. Laboratory findings, including analyses of cerebrospinal fluids (CSF) for cell count, glucose, and protein, may be difficult to assess for newborns and infants because they have normal ranges different from those typically seen for older children and adults (4) . Antigen capture or detection assays are not suitable due to the extensive antigenic heterogeneity and lack of cross-reacting antigens (30) . Antibody assays have been unsatisfactory for diagnoses and differentiation. Enteroviruses lack a common antigen among various serotypes, making immunoglobulin M levels inconsistent (18, 28, 30) . The HSV antibodies in plasma cannot distinguish between a primary and secondary infection or between peripheral and CNS infections (25) . Local production of HSV immunoglobulin G antibodies in CSF can be used in diagnosis; however, the presence of antibody is delayed from the start of infection to day 10 or 12 and peaks at about day 20 (25) . The culture sensitivity for EV from CSF is only 65 to 75% and requires a mean growing time of 3.7 to 8.2 days (8, 21) .
Some serotypes of enteroviruses, especially coxsackievirus A strains, grow very poorly in tissue culture or are unculturable (4) . The HSV culture sensitivity from CSF is very poor, especially in HSV type 2 (HSV-2)-related recurrent cases (1). Culture results are usually not available before the patient is discharged; therefore, culturing has a minimal impact on the management of infants hospitalized to rule out meningitis (1, 8, 26) .
With the advent of molecular diagnostic clinical procedures, it is now possible to diagnose viral etiologies specifically and with high sensitivity and accuracy. Of the molecular methods, PCR has proven to be much more sensitive than viral culture in numerous clinical studies in terms of EV and HSV detection in CSF (1, 9, 11, 14, 17, 20, 21, 23, 40) . Besides high sensitivity, the quick turnaround time of this procedure makes it the optimal test for detecting enteroviruses (1, 10, 18, 26, 41) . The application of PCR to the detection of HSV DNA and EV RNA in CSF is becoming a standard laboratory practice. In this minireview, we describe the technical aspects of the assays required for successful implementation of PCR for routine diagnostic testing.
SPECIMEN PROCESSING
Specimen sources, volume, and storage conditions. For patients suspected of HSV-and EV-caused encephalitis and/or meningitis, a CSF specimen should be submitted for PCR detection. The use of protein and leukocyte values to screen CSF specimens before employing PCR can allow these tests to be used more effectively by avoiding indiscriminate test ordering (9, 32) . CSF, which is the specimen of choice for detecting HSV and EV in the diagnostic molecular laboratory, is collected by lumbar puncture and transported at 4°C in a sterile screw-top vial. Samples for HSV detection seem to be stable when stored at 4°C prior to analysis for days or even weeks (13) , but RNA viruses such as EV are more labile and should be frozen at Ϫ70°C if not received in the lab within 24 h. Samples may be stored at Ϫ70°C for long-term storage; however, multiple freeze-thaw cycles should be avoided as freezing followed by thawing significantly reduces the number of viral copies in clinical samples (33, 34) .
Specimens should be shipped, received, and processed in a manner that will not cause cross-contamination of samples (33, 34) . Dedicated accessioning and aliquoting procedures should be established. Inappropriately collected specimens including those that have peripheral blood contamination or overgrowth of bacteria may give false-negative results due to the presence of inhibiting factors.
Nucleic acid extraction techniques, comparison, and recommendation. Several commercial methods for the extraction of viral nucleic acid for amplification procedures have been described previously elsewhere (33) . Ideally, such a method should isolate the nucleic acids, concentrate the isolate, and provide a pure product free of inhibitors. Inhibiting materials can be extracted along with the nucleic acids and can interfere with the amplification process, reducing efficiency and lowering the sensitivity of the PCR assay (19) . In our laboratory, IsoQuick (ORCA Research Inc., Bothell, Wash.) and RNAzol-B (Leedo Medical Laboratories, Inc., Friendswood, Tex.) kits are used for the extraction of HSV DNA and EV RNA, respectively. IsoQuick, which utilizes the chaotropic qualities of guanidine thiocyanate, which disrupts cellular integrity and inhibits nucleases, detects as few as 1 to 10 copies of plasmid HSV DNA in 50 l of CSF (35) . RNAzol-B kits use guanidinium thiocyanate-phenol extraction followed by ethanol precipitation (26, 31) . Due to the inherent greater fragility of RNA, all specimens, all reagents except isopropanol, and RNA are kept at 4°C, and ice, bench-top coolers, and refrigerated centrifuges are used during the extraction process. The extraction protocol, according to the manufacturer's instructions, with minor updates, is given in Table 1 . No false-negative results due to "inhibitors" have been noticed on DNA or RNA extracts prepared by either the IsoQuick or RNAzol-B kit.
NUCLEIC ACID AMPLIFICATION
Target selection, comparison, and recommendation. For HSV, several viral genes, including thymidine kinase (TK), glycoprotein (gp) B, gpD, and DNA polymerase have been successfully selected as the targets for PCR amplification (11, 14, 17, 23, 35) . Primers for HSV in our lab are selected from the TK genome (14, 35) . This degenerate primer set amplified all HSV variants reported, including both HSV-1 and HSV-2 ( Table 2) . One advantage of choosing the TK gene is that the amplicon products may be used for detecting drug resistancerelated point mutations by direct sequencing (5, 7). Enterovirus primers, which are ubiquitously aimed at the highly conserved 5Ј nontranslated region of the viral genome, detect 60 of the 67 enterovirus serotypes, including the serotypes most commonly associated with meningitis (1, 20, 21, 40) . Detailed information on primers and probes for HSV and EV are listed in Table 2 . Although a kit for detecting enterovirus was commercially available from Roche Molecular System, Inc. (the Amplicor Enterovirus test) (36, 41) , Roche no longer produces this kit. Therefore, both HSV PCR and enteroviral reverse transcription (RT)-PCR usually follow a user-developed ("home brew") protocol. We developed and validated a colorimetric microtiter plate PCR system for detecting both HSV (35) and EV. In the PCR amplification procedure, a special molecule, digoxigenin 11-dUTP, is incorporated into the amplicons for further identification. For EV detection, a Tth polymerase was used to obtain a one-step RT-PCR procedure (15, 31) . A detailed setup protocol for both HSV PCR and EV RT-PCR is described in Table 3 .
Thermal cycler programs. Components, reagents, and thermal cycling conditions can vary according to the instrument used. Our laboratory uses a program for each of the viral groups, which has been optimized for the Applied Biosystems GeneAmp System 9700. The approximate run times are 2.2 and 3 h for HSV PCR and EV RT-PCR, respectively (Table 4) .
VISUALIZING AMPLIFICATION PRODUCTS
Amplicon identification and formats. Detection and identification of amplification products, or amplicons, has become a routine procedure in the molecular diagnostic laboratory. After amplification, the accumulated millions of target DNA copies are still invisible to the naked eye; therefore, an appropriate detection method is needed to visualize the amplified DNA molecules. Moreover, an additional identification system enhances the validity of the PCR amplification procedure, including both sensitivity and specificity. There are several methods that can be used for amplicon detection after the PCR is completed. The three main methods being used in clinical laboratories today are gel electrophoresis, Southern blotting with probe hybridization, and the enzyme-linked immunosorbent assay (ELISA) (21, 29, 35, 41) . Several laboratories are starting to convert their PCR assays to a real-time format, in which PCR amplification and amplicon identification happen simultaneously (6, 24, 37) .
We have developed a PCR-ELISA (Roche Biochemicals, Indianapolis, Ind.)-based colorimetric microtiter plate (MTP) system for amplicon identification (31, 35) . The procedure is simple and user-friendly, and the results can be obtained in 2 to 4 h. An additional antigen-antibody reaction was included as a signal amplification step, which significantly enhances test sensitivity.
Working conditions and concentrations. The amplicons are denatured and mixed with a hybridization solution containing a biotin-labeled DNA capture probe specific for the microorganism of interest. The mixtures are combined in wells of MTP modules, which are precoated with streptavidin and postcoated with a blocking reagent. The MTP is incubated at 37°C with gentle swirling for 1 to 3 h. The biotin-labeled probe hybridizes to the target, if present, and the biotin of the resulting complex binds to the streptavidin-coated bottom of the MTP well. Wash buffer is used to remove unreacted components, and a conjugate of antidigoxigenin and peroxidase is added to the well. After a 30-min incubation at 37°C with shaking, the plates are washed again and a substrate buffer containing ABTS (2,2Ј-azinobis(3-ethylbenzthiazolinesulfonic acid) is added. The MTPs are allowed to develop color during a 30-min incubation (31, 35) . The working procedure for HSV and EV amplicon identification is given in Table 5 .
Result interpretation. The presence of HSV DNA in a sample is determined by relating the absorbance of the specimen well to the intrinsic extinction of the ABTS solution well. A clinical specimen with an A 405ϳ490 value of Ն0.1 should be interpreted as positive for the presence of HSV DNA or EV RNA. A clinical specimen with an A 405ϳ490 value of Ͻ0.1 should be interpreted as negative. Based upon which probe(s) yields a positive result, the specimen is identified as being positive for HSV-1 (probe TK-G is positive) and/or HSV-2 (probe TK-H is positive) or EV (probe EV-3 is positive).
QUALITY ASSURANCE AND QUALITY CONTROL
Test validation and regulation. Quality assurance programs constitute an integral part of diagnostic laboratories. Because of the requisite sensitivity of nucleic amplification procedures, quality assurance programs in molecular microbiology are more complicated and expensive than those used in other laboratories. Since current HSV and EV PCR assays are home brewed, establishment of the performance characteristics of accuracy, precision, sensitivity, specificity, predictive values, and reference ranges must be strictly CLIA-88 compliant (i.e., in accord with the Federal Clinical Laboratory Improvement Amendments of 1988). Sufficient specimens, including positives and negatives, should be included for such test verification and validation. The Association for Molecular Pathology has suggested that home-brewed assays should be validated with 50 specimens known to contain microbes and 100 analytenegative specimens (2) .
Controls. Controls used at Vanderbilt University Medical Center (VUMC) for the detection of HSV and EV by PCR are listed in Table 6 . For some assays, it may be difficult to collect positive samples, as there are rarely any positives for that assay and, when there is a positive sample, the lack of specimen volume does not allow for aliquoting for future use. In these cases, it may be helpful to use spiked samples. These spiked samples can be loaded with either virus isolated from standard viral tissue cultures or manufactured plasmids containing the target sequence. These are diluted with negative CSF samples so that the diluted matrix is the same as would be seen in a real patient specimen.
Diminishing carryover contamination. Carryover contamination can be controlled by modification of amplification protocols, careful design of the laboratory layout, and strict adherence to specific workflow patterns. It is recommended that a minimum of three separate rooms or benches be used, one dedicated to the preparation of reagents, another for the aliquoting of samples and the isolation of DNA and RNA, and a third for PCR amplification and product detection. The oneway workflow policy, from the reagent preparation area to specimen preparation, then to amplification, and finally to the detection areas, is applied to laboratory workers, directors, specimens, and work cards (34) .
Special techniques can be incorporated before or after amplification steps to control carryover contamination. Addition of isopsoralen (HRI Associates, Herndon, Va.) to a master mixture has been described for postamplification inactivation of PCR products. After amplification, the unopened tube is exposed to UV light at a wavelength of 300 to 400 nm, which covalently binds the isopsoralen to the nucleic acid polymers, The ELISA kit control is a commercially prepared amplicon and amplicon-specific probe supplied by the manufacturer of the ELISA detection kit.
Ensures hybridization reaction conditions and the enzyme conjugation and substrate catalysis steps which follow.
"Housekeeping" A master mix containing primers for ␤-actin or other housekeeping gene, which should be present in all DNA/RNA extractions.
This control should be included to detect possible PCR "inhibitors" in the specimen DNA and/or RNA, when assaying nonpreferred specimens which have not been fully validated.
preventing any further amplification (3). We have used a preamplification inactivation technique, which combines dUTP and uracil N-glycosylase (UNG; Epicentre Technologies, Madison, Wis.). The dUTP is incorporated into the polymer backbone instead of dTTP, and if products containing dUTP are present as a carryover contamination in subsequent sample preparations, the UNG will selectively recognize and cleave uracil residues from the polymer backbone, preventing further amplification (31, 35; B. Furrer, U. Candrian, P. Wieland, and J. Luthy, Letter, Nature 346:324, 1990). PT. After a procedure has been validated and placed into clinical diagnostic use, for confidence in the assay results it is necessary to be able to show correlation with other laboratories. Comparing and validating results with laboratories running the same or a different procedure ensures that the assay is measuring the absolute presence of a specific organism's nucleic acids. One way to accomplish this is to participate in a national accreditation organization's proficiency testing (PT) program. The College of American Pathologists (CAP) now has a proficiency program developed for molecular assays for HSV and EV (CAP Nucleic Acid Amplification Survey Code ID), which randomly contains samples either positive or negative for the presence of a specific organism. Each laboratory is sent identical samples for assay and is scored on the results obtained in comparison with all labs performing that assay. It is also important that clinical laboratories be enrolled in a program of this nature to meet CAP accreditation requirements (34) .
Participation in a national PT program is vital, but samples are received for testing only a few times each year. To maintain confidence in day-to-day assay results, it is necessary to utilize an in-house PT program. Some form of internal testing program is also required under the regulations of the CLIA-88. Internal PT can be started by using leftover microbiology survey materials from CAP or specimens exchanged with other laboratories (2, 34) . The quality control technologist or supervisor should integrate these samples blindly into the routine laboratory workload.
CONCLUSION
The growing ability of molecular approaches, especially PCR assays, to provide information to direct the treatment of CNS disease in a timely manner and to identify the subset of patients that do not need further medical intervention is invaluable to the clinician. PCR amplification of nucleic acids and their subsequent detection by the colorimetric MTP format combines accuracy, precision, sensitivity, and specificity. If used promptly in the diagnostic workup, these tests may significantly reduce unnecessary diagnostic tests, shorten hospitalization duration, and improve patient management.
